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Abstract

:

This paper shows the real-time simulation of a three-stage three-phase solid-state transformer with an Opal OP5607 platform. The simulation model considers the complete electronic full-order circuit for the topology without the use of simplifications, such as average models or equivalent circuits for the coupling transformer and the input and output converters, which may neglect part of the dynamics of interest for the converter design. The simulation is made through an electronic hardware solver (eHS), which can achieve smaller solving times than the regular algorithms, allowing to reach the switching frequency rate for this converters. The simulation model takes the RTE-library which is used for DC-DC converters, with simple arrangements in order to operate with the topology.
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1. Introduction


Real-Time Digital Simulation (RTS, abbreviation recommended by IEEE) has been widely used for the studies on electrical power systems with a cornerstone role on the development and planning of the electrical power system. In recent years, the increase in the computational capacity and the appearance of high-speed platforms have provided a powerful tool for the study of power electronic converters, especially in the areas of rapid prototyping, control tests, phenomena investigation, fault and protection studies, among others.



Typical offline simulations are performed to obtain a valid result regardless time, holding any subprocess in order to achieve the output calculation. Conversely RTS incorporate high-speed dedicated processing hardware to solve the system model variables, with a fixed time-step within the same time in the reality [1], also the simulation algorithm operates as the physical system would.



Because of this RTS allow a reduction in simulation times of complex systems; offline simulations can take hours to deliver a few seconds of the system dynamics, while in real-time simulators one simulation second corresponds to an operating second of the physical system.



RTS operates at a predetermined simulation time-step intervals (Ts), in which, the algorithm gets the inputs and proceeds to perform all the necessary calculations (control algorithms, model calculations) in order to write all the outputs. For industrial applications a 50 μs time-step is an accepted target to achieve an accurate representation for a physical system over a frequency range up to 3 kHz [2].



Due to the discrete computing time, two scenarios based on the fixed time Ts and the complexity of the model may occur [3]. The first one is when the real-time algorithm can find a solution in Ts meaning that the selected time-step is enough for the real-time execution mode. A second scenario happens when the given Ts is smaller than the necessary time to obtain a valid response, with the need to extend the solving time algorithm to the next time-step generating an overrun, loosing real-time synchronization with an offline simulation.



All this gives RTS the capability to recreate power electronic converter voltages and currents signals with a high-accuracy level within frequency range [2]. Making posible to do further advanced studies without the need to have a physical prototype. Adding also a security margin in the case of control strategies and fault protection schemes that will be implemented physically, bringing the possibility of having a look of critical operating points of the electronic converters without involving any risk.



One of the power electronics topologies that has received attention in many research fields for its capabilities is the solid-state transformer (SST), whose characteristics make it feasible to be applied in the modern power electric due to its capability to integrate distributed energy resources (DER), can also operate as a power management system in smart grid applications [4,5,6], interconnecting wind and solar PV [7,8,9], for locomotive traction [10,11] and as a scheme that can provides ancillary services to the distribution network like power factor correction, reactive power compensation, harmonic mitigation, among others [12,13].



SST are power electronics converters which can interface two AC voltage sources providing galvanic isolation through a high frequency DC-DC link, achieving a notorious reduction in the volume and weight of the coupling transformer. Because of this, the real-time simulation of SST requires a very small Ts for the fixed-step solvers, which in most cases is not feasible for RTS.



To overcome this issue, strategies have been reported like the use of Dynamic Average Models (DAM) [14,15], in which the fundamental system dynamic is represented through ideal voltage and current sources, neglecting all the other components. Despite the fact these components are not necessary for control design, this simplification causes the loss of realism in the use of RTS. On the other hand techniques like hardware emulation like shown in [16,17] can generate a highly accurate machine-state based model for a VSC converter, however the complexity of the implementation increases.



Real-time implementation for a full-circuit model of the SST is a good method to test in advance control schemes, soft startup strategies, transient on-state switching currents, resonance points, among others; which is of particular interest in the design of these type of higher frequency converters, due to the use of reduced coupling inductances which commonly leads to the appearance of inrush currents.



DAM models neglect the switching dynamics and preserve the fundamental signal component, considering the converter as the union of continuous current and voltage controlled sources. Nevertheless this is based on the assumption that the commutation effect has low impact on the fundamental component dynamics. In the case of higher power ratings, where low commutation switching frequency is used, these type of models reduces their accuracy. Besides, there are certain types of transient effects, resonance and other phenomena that can not be recreated through fundamental DAM models.



The aim of the paper is to show the implementation of a three stage solid-state transformer in an Opal-RT platform, using an electronic hardware solver (eHS), in order to achieve very small simulation time-steps (≈200 ns) for the electric circuit, adapting the RTE-Library of the Opal software in conjunction with SimPowerSystems library in Matlab for the topology.



The paper is organized as follows: in Section 2 and Section 3 the SST topology, control strategy and the simulation parameters used for the simulation are shown; Section 4 introduces the RTS platform, the simulation scheme and the implementation of the circuit; showing the modulation schemes and its overall operation. In Section 5 the RTS results for the topology are depicted, finally in Section 6 the concluding remarks are presented.




2. SST Topology


The Figure 1 shows the three-phase SST considered; the converter is integrated by three conversion stages (VSCi, DAB and VSCo). VSCi operates as an Active Front End (AFE) and regulates the voltage across the capacitor Ci. The DAB (Dual Active Bridge) stage is a DC-DC high/medium frequency isolated converter operating in a phase shifted modulation scheme (CPS), as an effect of the higher commutation frequency the magnetic coupling transformer reduces its volume and size. Finally VSCo operates as an inverter to achieve the power transfer to the output feeders. Due to the structure of each module, active power transfer can be transferred bidirectionally, and the VSC converters add the capabilities to develop ancillary functions as reactive power compensation, harmonics mitigation, power factor correction, among others.



In addition, the incorporation of the SST to the AC networks is using an LCL filter. The grid side inductor is estimated from the grid short circuit power (SCC), and all the inductor elements associates a series loss resistance estimated for a quality factor Qf≥20. The values of the filter inductors are chosen to achieve the direct location of the resonance frequencies of the filter (f1 and f2) and achieve the proposed nominal power for the converter which is 1 MW.




3. Control Strategy


One advantage of the RTS is the capability to test control strategies in similar conditions of a physical application, incorporating effects to the control schemes like saturation, data acquisition delays, sampling process and discretization. For this reasons RTS simulations have a high acceptance level for technicians and engineers, allowing to evaluate performance and stability conditions previously to use an experimental or real system.



The Figure 2 shows the dq reference frame control strategy for the SST [18], each one of the control stages achieves its own control task independently without feedback from the other stages due to the dynamic decoupling caused by the proper selection of the capacitors C1 and C2. For VSCi the control tasks are the regulation of the voltage across the capacitor C1 (VC1), the reactive compensation to the input feeders and to provide the operating VARs for the input LCL filter. The DAB converter regulates the voltage in the capacitor C2 (VC2); and the VSCo converter provides the total active power transfer for the entire topology, the reactive compensation to the output AC source, as well as supplying the operating VARs for the output LCL filter.



For VSCi the control scheme operates in two separate levels, one for each control component (Uid, Uiq). The upper level has two interconnected loops, the outer loop regulates the voltage VC1 providing the inner superior loop the reference Id*, for the reference for the inner inferior loop Equation (1) is used. The control for VSCo operates in a similar way and have the same structure; however, only the inner loops are required and their references are also calculated by (1). The DAB control operates as a single-loop PI voltage control, and the processing of the voltage error gives the θ angle to the modulation strategy.



For VSCi,o the control bandwidth response is decoupled from the filter resonance frequencies f1 and f2 in order to avoid resonance to the grid; the parameters used in the simulation are shown in Table 1.


I=Ii,od*Ii,oq*=−2Vi,od2+Vi,oq2Vi,odVi,oqVi,oq−Vi,odPi,o*Qi,o*



(1)








4. Digital Real-Time Simulator


The RTS platform is shown in Figure 3, which incorporates two simulation modules OP5607; each one has an FPGA Virtex 7, including 256 I/O ports per module, with RJ45 and DB37 connections sockets, also integrating BNC output ports for signal monitoring. Each OP5607 has 4-core Xeon E5 processor, with an operating frequency of 3.2 GHz, 32 GB of DRAM, and 512 GB in SSD, the graphical user interface is madeRT-LAB V11.0, and the simulation model is built with in Matlab Simulink.



4.1. Simulation Circuit


Figure 4 shows the Simulink model and its components, which consist in two blocks created according to [19]. SM_Circuit corresponds to the master block which is loaded to the OP5607; usually this block has feedback to the graphical user interface (SC_GUI); however in this case the outputs are directly assigned with the block “To Analog Outputs” in SM_Circuit.



The SC_GUI block is used to have a real-time link to the control gains for PIi1, PIi2, PIi3, PIi4, and the setpoint references (Qri*, VC1*, VC2*, Qo*, Po*); which in conjunction with the activation signals (Si, So, Sd), brings the capability to program soft start-up techniques, trajectory planning, among others. Besides all this SC_GUI also controls the signals multiplexor to the external oscilloscope.




4.2. eHS Circuit


The main challenge to simulate the SST topology is the DAB switching frequency; trough performance tests for a VSC converter operating as an AFE the simulation time-step was fixed in Ts=50μs; considering a switching frequency for the DAB fsDAB=5 kHz meaning that the circuit will compute four samples per-cycle for the modulation technique, which in fact meets the Nyquist criterion. Therefore, this strategy is not suitable for the simulating an SST generating overruns under transient conditions, thus a smaller time-step is needed to accurately represent electrical system dynamics.



A solution to reduce the RTS time-step is the use of an electric Hardware Solver (eHS), which allows the parallel simulation of electric circuits using the FPGA on the OP5607 with a much smaller time-step. The eHS uses the Pejovic method to solve the electric circuit in parallel with the main process [20].



This circuit is programmed in the eHSx64 block, which is located in the Opal-RT libraries and handles the writing and communications of the electric circuit between the FPGA and the main algorithm. Its simulation parameters are listed in Table 2.



In addition, the eHS block can operate with the Loss Compensation Algorithm (LCA), which allows the simulation to compensate the power losses that might occur by the Pejovic method. Considering all these, the eHS circuit is made in Simulink based on [21]. An advantage in the use of eHS in this configuration is the simplicity when the model is created in comparison with other FPGA programming methods as in [16], since the SimPowerSystem electrical model is automatically deployed to the FPGA using the RT-LAB.



The transformer characteristics are calculated using [22], and the fixed time-step for the eHS circuit TeHS is optimized each time-step for the algorithm. Also an advantage on the eHS simulation is the use of only one OP5607 core in comparison with [14], in which the circuit is split into several subsystems to divide the computational load among all the available cores.




4.3. Modulation Schemes


Another challenge to simulate in real-time the SST is the control of the switching devices; for VSCi and VSCo the modulation strategy is carried out by a SPWM technique [23], in which three modulating sine-waves signals shifted 2π3 rad among them are compared with a triangular carrier, the result per modulating signal controls a branch of the converter. However the generation of the structure by using Simulink blocks like triangular generators and comparators causes the comparison result in being linked to the sampling time Ts; meaning that only when a Ts rising edge occurs the switching state will change, with the possible loss of commutation states as shown in Figure 5.



One possible solution is the use of the RTE library, which allows the simulation algorithm to generate transition states between computation times Ts. However the use of RTE-Comparator and RTE-Not blocks to generate the PWM signal only allows to create one transition event per time-step Ts; to solve this the RTE library incorporates the RTE-SPWM block, whose operation principle is also shown in Figure 5.



However the RTE-SPWM block is optimized for DC-DC converters, and the simulation technique operates only positive voltages for the triangular wave. Figure 6 shows an arrangement of the RTE-SPWM block in order to handle the negative half-cycle of the carrier.



For the DAB converter the modulation scheme is based on a conventional phase-shift, consisting of two 50% fixed duty cycle square-waves signals shifted θ degrees among them; the proposed modulation scheme is shown in Figure 7. A block RTE-SPWM with a 50% ratio (D=0.5) is used to generate the control signals, and the θ regulation is made through RTE-Delay buffers. However the use of these blocks only allows for positive values; for negative degree values for θ (inverted power flow) the input is saturated to zero, to solve this for θ≥0 the switching signals are delayed on the secondary bridge and for θ<0 values the primary bridge control signals are lagged. The sign and conversion from degrees to time are solved with a gain K=12πfsDAB, and all the logic functions are made through RTE-Blocks.




4.4. PI Controllers


Figure 8 shows the scheme for the PI controllers used in the RTS, with an advantage in comparison with the traditional Simulink PI blocks due to the capability to modify the control gains in real-time during the simulation, being helpful during the start-up operation, also if control trajectory planning will be applied. It is worth highlighting that the control strategy is made in a dq0 referential frame, because of this also a PLL was used on the PCCi,o in order to have the signal references for the dq0 transformations.





5. Real-Time Operation


One of the main differences with offline simulations is that the operation should be treated as a physical system to avoid possible overruns; hence a soft-start strategy is needed in order to avoid inrush voltages and currents.



The operation begins with the VSCi converter operating as a three-phase diode rectifier, with a voltage in C1, the DAB converter operates with an angle θ=0, and VSCo is needed to transfer 0 W.



Simulation Results


In order to corroborate the operation of the implemented topology, the control is asked to follow a reference from 0 W to 500 kW. The results are shown below, in all the cases currents have an output gain Ko=110, and the power signals are escalated by a factor Kf=11000.



Figure 9 shows tracking of the control scheme for the active power reference Po*, with a overshoot corresponding to the 12%, this value can be reduced by the use of trajectory planning if higher regulation is needed for the application on critical loads; and the reactive power is compensated at the input and output PCC, as shown achieving a power factor PF=1.



In Figure 10 the transient behavior of the input currents at the PCCi and the voltage VC1 is shown. Having a smooth evolution on the current dynamics is desired for a physical application, and for the VC1 exists a 20% of drop in the DC value during the transition.



Figure 11 presents the current signals between the converter VSCi and the LCL filter, with the currents without the mitigation effect of the LCL filter, showing the capability of the RTS to recreate physical signals with a high fidelity in comparison with fundamental DAM models which the signal will be the same escalated by the filter gain without any ripple, and in order to recreate switching effects there is the need to create more complex models to emulate the switching frequency impact.



In Figure 12 the input voltages at the PCCi are shown, the signal VSCi is used to synchronize the voltage signals with the active power step, not finding any disturbance during the transient condition.



In Figure 13 the VSCi and VSCo control signals during the transient are shown, as seen all the references reach the steady-state without saturation, with a smooth behavior.



Figure 14 shows the DAB control signal θ also with a transition without saturation, and its effect over the voltage VC2 as shown in the inferior trace.



The currents at the PCCo are shown in Figure 15, with a desirable behavior and an output total harmonic distortion THD=0.98% in steady state, which is adequate to achieve the interconnection with the grid.



Figure 16 shows the output currents of the VSCo converter, in this case is noticeable the mitigation effect of the LCL filter, in comparison with the currents after the LCL filter in Figure 15.



Figure 17 shows the voltages at the PCCo, as in PCCi the signal VC2 is used to synchronize the voltage signals with the power transient, and in the same way have a behaviour without finding any disturbance.



In Figure 18 the control is needed to follow beforehand a reference Po*=700 kW, and suddenly this reference is changed to Po*=−700 kW, showing how the SST is capable of inverting the power flow among the three-phase AC sources.



The Figure 19 presents the θ angle for the power inversion showing the sign change due to the power flow inversion, which is processed by the shifting scheme shown in Figure 7 changing the delay through the bridges, achieving the sign transition.



Figure 20 and Figure 21 shown the current before and after of the LCL filters at nominal power (1 MW) and the current at the capacitor C1 for phase a, at nominal power shown. This type of scenario can be useful in the LCL filter design, in order to corroborate current rates for design purposes, which is feasible due to the eHS capability to reproduce commutation effects. Simulations based on DAM models neglect these components and they would only show the average value of the signal without the current ripple. This restricts the possibility to observe the performance of the LCL filter over the currents.



Finally in Figure 22 the a phase PWM signal showing how the RTS reproduces the commutation effect.



One of the advantages of implementation of the methodology developed is the reduction of the computation time necessary to enhance the simulation, this can be measured through the graphical user interface on the RT software. The principal subprocess are shown in Table 3 according to each time-step consumption percentage.





6. Concluding Remarks


This paper presented the real-time digital simulation of a three-stage three-phase solid-state transformer in an OPAL-RT platform, in which the interconnection to the grid was made achieved through an LCL filter, using an eHS in order to have very small simulation steps for the circuit solving, without the need to use circuit simplifications.



The use of the RTE-Library in collaboration with the eHS solver allows the simulation to achieve higher frequencies, and the proposed structures are a simple way to operate the DC-DC RTE blocks in the SST scheme.



The use of eHS for the electric circuit shows all the frequency components involved in the operation of the topology, achieving a realistic behavior to the simulation and adding the capability to monitoring high frequency behavior in comparison with DAM models.



The implementation of the phase-shift control of the DAB converter with the proposed scheme allows the system to operate in a bidirectionally way.



The control scheme can achieve a proper performance during the entire operation and transients, incorporating also saturation effects. Operating within real physical conditions which are possible to take into account due to real-time simulation.



RTS for the SST had a proper operation not showing overruns and with a total execution time of 28.57% of the time-step, which according to [2] is appropriate for industrial applications.
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Figure 1. Three-Stage SST. 
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Figure 2. Control scheme. 
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Figure 3. RTS simulator. 
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Figure 4. Circuit structure for real-time simulation. 
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Figure 5. RTE-SPWM block and operation. 
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Figure 6. RTE-SPWM block and operation. 
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Figure 7. Proposed DAB modulation scheme. 
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Figure 8. Proposed PI controller scheme. 
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Figure 9. Total active and reactive power. 
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Figure 10. PCCi currents and VC1. 
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Figure 11. VSCi input currents and VC1. 






Figure 11. VSCi input currents and VC1.



[image: Applsci 09 00789 g011]







[image: Applsci 09 00789 g012 550]





Figure 12. PCCi voltages and VC1. 
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Figure 13. VSCi and VSCo control signals. 
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Figure 14. DAB control signal (θ) and VC2. 
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Figure 15. PCCo currents and VC2. 
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Figure 16. VSCo currents and VC2. 
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Figure 17. PCCo voltages and VC2. 
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Figure 18. Power tracking and active regulation power flow inversion. 
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Figure 19. DAB control signal (θ) and VC2. 






Figure 19. DAB control signal (θ) and VC2.
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Figure 20. Input currents between LCL filter VSCi. 
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Figure 21. Input current at the PCCi. 
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Figure 22. PWM and voltage from phase a. 






Figure 22. PWM and voltage from phase a.
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Table 1. Simulation parameters.






Table 1. Simulation parameters.





	

	
Parameter

	
Symbol

	
Value

	
Units






	
Grid

	
Short-circuit power

	
SCC

	
10

	
MVA




	
Grid inductance

	
Lr

	
60.4

	
μH




	
Voltage 3 ϕ

	
Vi

	
220

	
VL−L




	
Voltage 3 ϕ

	
Vo

	
220

	
VL−L




	
Grid frequency

	
fgrid

	
50

	
Hz




	
LCL Filter

	
LCL converter side inductor

	
Lci

	
150

	
μH




	
Operating VARS 3 ϕ for Lci

	
QLci3ϕ

	
240

	
kVAR




	
LCL grid side inductor

	
Lgi

	
15

	
μH




	
Operating VARs 3 ϕ for Lgi

	
QLgi3ϕ

	
243

	
kVAR




	
LCL Capacitor

	
Ci

	
432

	
μF




	
Complete LCL operating VARs

	
LCLVAR

	
243.1

	
kVAR




	
Frequencies

	
Resonance frequency

	
f1

	
875

	
Hz




	
Resonance frequency

	
f2

	
1.075

	
kHz




	
Outer loop bandwidth

	
Fo

	
35

	
Hz




	
Inner loop bandwidth

	
Fi

	
450

	
Hz




	
Converter

	
Total apparent power

	
St

	
1.02

	
MVA




	
Capacitor

	
C1

	
2600

	
μF




	
Link inductor

	
LDAB

	
0.005

	
mH




	
Capacitor

	
C2

	
1200

	
μF




	
VSCi,o Switching frequency

	
fsw

	
2.15

	
kHz




	
DAB Switching frequency

	
fsDAB

	
5

	
kHz




	
DC voltages

	
VC1,2

	
1000

	
V
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Table 2. eHS Parameters.






Table 2. eHS Parameters.





	Parameter
	Value





	Number of Inputs
	32



	Number of Outputs
	32



	Number of Switches
	64



	Maximum number of states
	150



	Calculation power
	25.6 GFLOPS



	Solving time
	≈200 nS
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Table 3. Time used per Ts.






Table 3. Time used per Ts.





	Parameter
	Time [μs]
	Ts [%]





	Data acquisition
	0.08
	0.16



	Major computation time
	13.24
	26.48



	Minor computation time
	0.18
	0.36



	Opctrl recv (EHS)
	0.1
	0.2



	Execution cycle
	14.29
	28.57







* Ts = 50 μs.
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